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I evaluated the effects of thermal and hydrologic conditions on growth and
recruitment of Shovelnose Sturgeon (Scaphirhynchus platorynchus) in the lower

Mississippi River and assessed mortality. Duration of water temperatures 12-24°C had a
positive influence and temperatures below 11°C had a negative influence on annual
growth. Duration of water temperatures above 28°C, duration of floodplain inundation,
duration of low water, and minimum and maximum river stage did not influence annual
growth. Duration of water temperatures 18-20°C and 18-24°C had a positive influence on
recruitment, and duration of temperatures at and below 10°C had a negative influence on
recruitment. Duration of days above 5, 6, 7, 8, and 8.9 m on the Vicksburg, MS river
gage did not influence recruitment. Annual mortality was 28%. Growth and recruitment
of Shovelnose Sturgeon in the lower Mississippi River appear to be positively influenced
by duration of moderate water temperatures and minimally influenced by hydrologic
conditions.
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CHAPTER I
INTRODUCTION
The Shovelnose Sturgeon (Scaphirhynchus platorynchus) is found throughout the
Mississippi River basin (Bailey and Cross 1954; Keenlyne 1997) and is the most
widespread of the four species of North American freshwater sturgeons, as well as the
most abundant of the eight sturgeon species found in North America (Keenlyne 1997).
Shovelnose Sturgeon have occupied the Mississippi River system for more than 100
million years (Bailey and Cross 1954). Keenlyne (1997) suggested that Shovelnose
Sturgeon numbers have declined over the past century due to habitat alterations, such as
channelization and impoundment, but specific causes and effects were not described.
Keenlyne (1997) also attributed declines in Shovelnose Sturgeon to commercial harvest.
Colombo et al. (2007) and Wildhaber et al. (2007) suggested that the decline in the
Shovelnose Sturgeon population throughout the Mississippi River drainage has been
exacerbated by over harvest of mature females for the caviar industry, as commercial
fishing effort increased on North American sturgeons after the collapse and closure of the
Caspian Sea sturgeon fishery. Commercial harvest of Shovelnose Sturgeon was closed
by the year 2000 for portions of the lower Mississippi River (LMR) including Louisiana,
Arkansas, and Mississippi, and then closed throughout the Mississippi River downstream
of its confluence with the Missouri River in 2010 (USFWS 2010). Morrow et al. (1998)
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reported an annual mortality rate of 20% for Shovelnose Sturgeon aged 7 and greater in
the LMR, but mortality has not been assessed since the fishery closed.
Relatively fast growth rate is fundamental to healthy fish populations.
Environmental conditions conducive to fast growth contribute to high population
reproductive potential by providing the energy needed for high fecundity and by fast
growth to sexually mature sizes and early maturity. Thus, environmental conditions
conducive to fast growth are beneficial to reproductive potential and abundant
populations. In contrast to estimating abundance, which is difficult if not impossible in
large, open systems, growth rate can often be estimated more easily and precisely and be
used to make inferences about population health.
Water temperature and food supply are dominant environmental factors affecting
fish growth, and these two environmental variables have been found to affect Shovelnose
Sturgeon growth. Working in a controlled setting, Kappenman et al. (2009) found the
fastest rates of growth in weight of juvenile (age-0) Shovelnose Sturgeon propagated
from upper Missouri River broodstock occurred at 12-24°C and growth ceased below
10°C. Discharge was found to influence prey consumption of Shovelnose Sturgeon in the
free-flowing middle Mississippi River, with low discharge associated with poor body
condition and decreased feeding activity (Seibert et al. 2011). Shovelnose Sturgeon feed
almost exclusively on aquatic insect larvae (Hoover et al. 2007; Bock et al. 2011; Rapp et
al. 2011), and production of aquatic insect larvae is associated with floodplain inundation
(Batzer and Wissinger 1996). Greater prey consumption associated with high discharge
may reflect energy subsidies from the seasonally inundated floodplain.
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Robust and stable fish populations are a function of successful spawning and
recruitment to adult sizes, and these processes are dependent on the availability of
suitable habitat and, for recruitment, abundant food supplies in the habitats occupied by
the early life stages (Fogarty et al. 1991). Although spawning migrations of Shovelnose
Sturgeon have been documented (DeLonay et al. 2009; Wildhaber et al. 2011) and
habitats of greater abundance of larval Scaphirhyncus spp. (age-0 Shovelnose Sturgeon
and Pallid Sturgeon, [Scaphirhynchus albus] cannot reliably be distinguished) have been
identified (Phelps et al. 2010a), early-life-stage habitat requirements for Shovelnose
Sturgeon remain unknown. Therefore, associating Shovelnose Sturgeon abundance with
spawning and recruitment remains a difficult task that is further complicated by open
populations in the large rivers these fish inhabit.
Temperature has been shown to influence juvenile Shovelnose Sturgeon
mortality, both in river reaches outside of the LMR and in controlled settings. Mortality
of age-0 Scaphirhynchus sturgeon has been found to increase with duration of water
temperatures greater than 28˚C on the middle Mississippi River (Phelps et al. 2010b). In
controlled environments, low or no mortality of juvenile Shovelnose Sturgeon occurred
when water temperatures ranged from 14-18˚C, and mortality was greater when water
temperatures exceeded 28˚C or declined below 12˚C (Kappenman et al. 2009).
Water temperature and river stage have been shown to affect the spawning
periodicity of Shovelnose Sturgeon (Tripp et al. 2009a). Keenlyne (1997) suggested that
Shovelnose Sturgeon spawn at water temperatures of 17-21˚C. Goodman et al. (2013)
found that Shovelnose Sturgeon spawn on the lower Marias River in Montana during
periods of increased discharge. Tripp et al. (2009a) associated an increase in pre-spawn
3

Shovelnose Sturgeon on the middle Mississippi River with rising river stages during the
spring and found an increase in spent Shovelnose Sturgeon immediately after periods of
increased discharge. Phelps et al. (2010b) also found the relative abundance of newly
hatched Scaphirhynchus sturgeon was positively correlated with longer durations of high
water in the middle Mississippi River.
The LMR can fluctuate more than 10 m in many years, and channel border
habitats are fully inundated, and terrestrial riparian vegetation and vegetation growing on
islands are immersed at high river stages (Schramm and Ickes 2016). These types of
habitats provide cover and areas of reduced current velocity that may be used by young
Shovelnose Sturgeon and may increase survival of recently hatched Shovelnose Sturgeon
(Phelps et al. 2010b). Phelps et al. (2010b) also suggested that greater recruitment of
Shovelnose Sturgeon may occur during years that experience longer durations of high
flows coupled with preferred spawning temperatures (17-21°C). Although previous
studies have identified factors that affect the timing and success of Shovelnose Sturgeon
spawning and hatching, the effects of hydrologic and temperature variables on
recruitment of Shovelnose Sturgeon have not been assessed.
The LMR is a highly dynamic river-floodplain ecosystem. Annual river stage
fluctuations in the LMR strongly affect the availability of different habitats and
connection with the floodplain (Schramm and Ickes 2016). The hydrograph varies within
and among years, while the thermal regime is more stable over time but still varies
among years. As such, the LMR provides an opportunity to assess the effects of two
important environmental factors--water temperature and hydrology--on growth and
recruitment of Shovelnose Sturgeon. Understanding effects of temperature and
4

hydrology on these life history characteristics will facilitate meaningful comparisons of
Shovelnose Sturgeon growth and recruitment throughout their range. Given the lack of
information regarding factors that influence growth and recruitment of Shovelnose
Sturgeon in the LMR, and to update the 1998 estimate of mortality made by Morrow et
al. (1998) for Shovelnose Sturgeon in the LMR, this study proceeded with the following
objectives: 1) assess the effects of thermal and hydrologic conditions on the growth of
Shovelnose Sturgeon in the LMR; 2) estimate the mortality rate for Shovelnose Sturgeon
in the LMR; and 3) assess the effects of thermal and hydrologic conditions on the
recruitment of Shovelnose Sturgeon in the LMR.
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CHAPTER II
GENERAL METHODS
Study sites
Fish were collected from four similar but disjunct reaches distributed throughout
the LMR: Tunica, Mississippi (river kilometers (rkm) 1,120-1,065); Greenville,
Mississippi (rkm 943-870); Vicksburg, Mississippi (rkm 751-695); and Baton Rouge,
Louisiana (rkm 407-369). Fish collected from all sites were pooled for annual growth
increment analyses. All reaches offer similar complements of habitats, and, as the river is
free flowing, hydrologic and thermal conditions would be expected to differ little among
sites. Temperature and river stage data used in growth increment analyses were taken
from the Vicksburg, Mississippi River gage (rkm 700). River stage and watertemperature data were obtained from the U.S. Geological Survey
(http://waterdata.usgs.gov/nwis) and the U.S. Army Corps of Engineers
(http://rivergages.mvr.usace.army.mil/WaterControl) databases.
Fish collection
Shovelnose Sturgeon were collected with trotlines during 2008-2013 following
the methods of Kuntz and Schramm (2011) and Mirick (2011). Fork length (mm) was
measured for each fish, and a pectoral fin spine was removed before releasing the fish
alive. Pectoral fin spines were cut as close as possible to the articulation with the
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pectoral girdle using side-cutting pliers and allowed to air dry in coin envelopes (Koch et
al. 2008). Removing the spine at the point of articulation does not affect the ability of
Shovelnose Sturgeon or White Sturgeon (Acipenser transmontanus) to maintain position
in current (Parsons et al. 2003; Nguyen et al. 2015), and removal of pectoral fin spines
does not affect growth or survival of Atlantic Sturgeon (Acipenser oxyrinchus
oxyrinchus), Shortnose sturgeon (Acipenser brevirostrum), or White Sturgeon (Collins
and Smith 1996; Nguyen et al. 2015).
Age assessment
Fish ages were estimated using sectioned pectoral fin spines. A minimum of five
fish from each 1-cm length class was aged for all length classes longer than 42 cm.
Length classes below 42 cm were represented by fewer individuals, and I aged a
minimum of five fish from each 2-cm length class for fish of these smaller lengths.
Jackson et al. (2007) found pectoral fin spines provided more precise age estimates for
Shovelnose Sturgeon than sphenoids, opercula, or dorsal scutes. Brennan and Cailliet
(1989) found pectoral fin spines to be a more precise method of age assessment for White
Sturgeon than opercula, clavicles, cleithra, medial nuchals, or dorsal scutes. Previous
studies have aged Shovelnose Sturgeon with pectoral spines (e.g., Morrow et al. 1998;
Everett et al. 2003; Koch et al. 2008; Phelps et al. 2013; Nepal et al. 2015), and aging
Shovelnose Sturgeon via pectoral spines is the most widely used method for aging this
species. I conducted a marginal increment analysis (Casselman 1987) to establish time of
annulus formation and to determine the start and end of a growth year.
Spines were prepared using methods described by Koch and Quist (2007). After
air drying, excess tissue was removed from the spines using a forceps and a scalpel. A
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minimum of three transverse, 0.5-mm thick sections were cut from the proximal end of
fin spines with a Buhler IsoMet low speed saw (Buhler, Ltd., Lake Bluff, IL) and
mounted onto microscope slides using Crystalbond mounting adhesive (Ted Pella Inc.,
Redding, CA). After mounting, sections were polished with wet 600 grit sandpaper.
Spine sections were viewed with transmitted light using a Leica DFC290HD camera
mounted on a Leica S8APO microscope (Leica Microsystems, Wetzlar, Germany) at a
magnification of 32 X. The images were then viewed on a computer monitor at a
magnification of 234 X. When viewed with transmitted light, Shovelnose Sturgeon
spines appear to form a dark opaque band in warmer months when growth increases and
a light translucent band in the colder months when growth slows (Figure 1) (Everett et al.
2003; Whiteman et al. 2004; Koch et al. 2008). Using the digital images, two readers
independently aged each spine by counting concentric light bands (presumptive annuli)
without knowledge of fish length or collection date. One reader in this study had
experience aging Atlantic Sturgeon, Lake Sturgeon (Acipenser fulvescens), and Shortnose
Sturgeon. The other reader had no prior fish-aging experience. A concert read was used
to resolve discrepancies in assigned ages, and individual fish were removed from the
sample when readers could not agree on an age. Increment distances between agreedupon annuli were measured using Leica Application Suite version 4.1 image analysis
software (Leica Microsystems, Wetzlar, Germany). Readers measured the distance from
the nucleus (estimated geometric center of the portion of the spine inside the first
presumptive annulus) to the distal edge of the first light band (presumptive annulus), then
to the distal edge of each successive annulus and to the spine margin in a linear
trajectory. This allowed calculation of the distance between each annulus (i.e., growth
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increment for each year of the fish’s growth), as well as distance between the last
completed annulus and the margin, which was used in marginal increment analysis.
Measurements were taken from the ventral, posterior lobe of each spine (Figure 1). This
location was used for all measurements to best ensure that measurements were consistent
among increments and individual fish.
Examination of known-age specimens can be useful to train readers and improve
accuracy (i.e., to help determine potential causes of overestimation or underestimation of
age estimates). Spines from known-age Shovelnose Sturgeon were not available, but a
limited number of spines from the congeneric Pallid Sturgeon were available. Spines
from five known-age, hatchery-reared Pallid Sturgeon were sectioned, mounted, and
viewed as described above. Images of spine sections from these known-age Pallid
Sturgeon were independently aged by the two readers. The sections from known-age
Pallid Sturgeon were read along with images of 20 Shovelnose Sturgeon spine sections so
readers had no knowledge of which fish were known-age. The two readers then
convened to determine a consensus age for each fish. Of the five known-age fish aged by
both readers, four age assessments were accurate; age of one specimen was overestimated
by 3 years.
Using initial age estimates of both readers, precision of age estimates from
pectoral spine sections were assessed by calculating between-reader agreement of initial
age estimates as well as the coefficient of variation of these age estimates (CV; Campana
2001). Single CV values were derived for each spine age estimate, which were then
averaged across all spines to give a mean estimate of precision. A lower CV indicates
greater reader agreement and less bias (Campana 2001).
9

Figure 1

Sectioned pectoral fine spine of a presumed age-5 Shovelnose Sturgeon
viewed with transmitted light.

Circle indicates the field where annuli were counted and annular distances measured for
this study. Measurements began in the estimated geometric center of the spine, and annuli
were counted to the ventral apex. Black dots represent the estimated geometric center of
the spine and each annulus counted. X denotes spine margin
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CHAPTER III
GROWTH ASSESSMENT METHODS
Marginal increment analyses
I conducted a marginal increment analysis (Casselman 1987) to establish time of
annulus formation and, thus, the start and end of a growth year. All measurements were
taken at the same magnification, and all marginal increments were recorded as actual
distance on the spine. To increase sample size for calculating marginal increment in each
month, separate marginal increment analyses were conducted for fish aged 7, 8, and 9
pooled (n=62) and for fish aged 10, 11, and 12 pooled (n=54).
Growth increment analysis
Back-calculated length at age was estimated by the Dahl-Lea direct proportion
method (Isely and Grabowski 2007) for fish collected in the 2012 and 2013. Schramm et
al. (1992) found that direct proportion and intercept-corrected direct proportion can
provide accurate results, but that direct proportion provides more reliable estimates of
fish lengths at age.
Back-calculated lengths were assessed for a Lee effect, a trend in which backcalculated lengths of older fish tend to be smaller than those from young fish (Ricker
1975; Isely and Grabowski 2007). Back-calculated lengths at age estimated from older
fish can be smaller than actual lengths in harvested populations if the larger, faster
11

growing members of an age group are more vulnerable to capture and are, therefore,
selectively removed from the population by the fishery (i.e., the slower growing members
of the population have decreased vulnerability to fishing mortality). Other causes of a
Lee effect can be sampling bias, if sampling gear selectively catches faster growing
individuals of the youngest ages, or if there is a curvilinear relationship between fish
length and size of the aging structure (Ricker 1969; Isely and Grabowski 2007).
Conversely, back-calculated lengths estimated from older fish can be greater than actual
length at young ages when slower growing individuals in their early years of life are
highly susceptible to predation and only the faster growing juvenile fish survive (Ricker
1975). To determine whether a Lee effect was present in my sample, back-calculated
lengths at age were regressed against age at capture for years 1-7 of growth. A slope ≠ 0
would suggest the presence of a Lee effect.
Using fish aged 4-12 years, I assessed annual growth increment for years 1-7 of
growth, as these age classes were represented by a minimum of 10 individuals per age
group. A previous study (Whiteman et al. 2004), as well as marginal increment analyses
conducted during this study (see Results), suggested that the majority of Shovelnose
Sturgeon completed annulus formation by mid-summer. Thus, because Shovelnose
Sturgeon appear to complete annulus formation during the summer months, the growth
year for Shovelnose Sturgeon in this study was assumed to be 1 June- 31 May.
Factors that may influence annual growth increments were represented by
variables that depicted water temperature, river stage, and floodplain inundation. Based
on slow growth at temperatures > 28°C and < 11°C and faster growth rates at 12-24°C for
juvenile (age-0) Shovelnose Sturgeon in controlled settings (Kappenman et al. 2009), I
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assessed the relationship between annual growth increment and duration of water
temperatures > 28°C, < 11°C, and 12-24°C (Table 1). Seibert et al. (2011) associated low
flow with poor body condition and decreased feeding by Shovelnose Sturgeon, possibly
due to low flows decreasing Shovelnose Sturgeon prey abundance and availability. The
effect of low flow on annual growth increment was evaluated by quantifying the
relationships between annual growth increment and the number of days each year that
river stage remained below the lower quartile of the mean annual daily river stage for
Vicksburg, Mississippi, as well as minimum and maximum river stages (Table 1).
Floodplain inundation potentially increases Shovelnose Sturgeon prey abundance, as
floodplain and backwater inundation have been associated with an increase in abundance
of benthic invertebrates in the adjacent riverine habitats (Poff and Ward 1991) where
Shovelnose Sturgeon reside. Schramm and Eggleton (2006) reported inundation of the
floodplain near Vicksburg, Mississippi occurred at river stage 8.9 m on the Vicksburg
gage. I verified this stage as the threshold for floodplain inundation through frequent site
visits to the sampling site at Vicksburg, Mississippi from 2011-2013. I also observed that
floodplain inundation occurred at the other study sites at the same times that floodplain
inundation occurred at the Vicksburg, Mississippi study site. Thus, I assessed the
relationship between annual growth increment and number of days each year that stage
was > 8.9 m on the Vicksburg, Mississippi river gage (Table 1).
Data analysis
Relationships between annual growth increment (dependent) and thermal and
hydrologic predictor variables (independent) were tested by linear regression (Proc REG,
SAS 9.3, SAS Institute Inc., 2011). Regression models considered all possible
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combinations of the seven predictor variables described in Table 1. When multiple
predictor variables are highly correlated, influential variables can appear to be nonsignificant in subsequent analyses due to inflated standard errors (Hair et al. 1995).
Multicollinearity between variables was assessed using variance inflation factors (VIFs).
A value of 10 is the recommended maximum VIF level (Hair et al. 1995). I found VIF <
10 for all variables tested, suggesting low to moderate multicollinearity.
An information theoretic approach using Akaike’s information criterion (AIC)
was used to assess influence of thermal and hydrologic variables on Shovelnose Sturgeon
annual growth increment. The ratio of sample size to the number of model parameters
was less than 40, so bias-corrected values (small-sample AIC, AICc) were used to rank
models (Burnham and Anderson 2002). Models with AICc values within two units of the
top model (lowest AICc) are considered to be essentially as good as the best model
(Richards 2005); therefore, all models with ΔAICc < 2 were retained for a confidence
model set. Akaike weight, a measure of the probability that a model is the best among a
set of candidate models (Burnham and Anderson 2002), was calculated for each model.
Variables in the confidence model set were evaluated for importance based on
three measures: proportional occurrence, relative weight, and proportion of models with
interpretable variables. Proportional occurrence is the proportion of models within the
confidence model set that contain a given variable. Relative weight (ω) is a function of
the calculated Akaike weight summed across all models where the variable occurs
(Burnham and Anderson 2002). A variable was determined to be interpretable if its 95%
confidence interval did not include zero. The proportion of models in the confidence set
where a variable was deemed interpretable (Ip) was calculated by dividing the number of
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models in the confidence set in which a variable was interpretable by the total number of
models within the confidence set. Variables in a confidence model set were considered
to have an influence on Shovelnose Sturgeon annual growth increment if they occurred in
at least half of the models and had a ω greater than 0.5 or Ip greater than 0.5 (see also
Ebersole et al. 2009).
Growth curve analysis
Previous studies have used the von Bertalanffy growth model to describe
Shovelnose Sturgeon growth in river reaches throughout their range, including the middle
Mississippi River (Tripp et al. 2009b), the Yellowstone River (Everett et al. 2003), and
the lower Missouri River (Quist et al. 2002; Bajer and Wildhaber 2007). I used the von
Bertalanffy growth equation to estimate a growth curve for Shovelnose Sturgeon in the
LMR and to compare growth of Shovelnose Sturgeon in the LMR with growth of
Shovelnose Sturgeon in other rivers. The von Bertalanffy growth model is described by
the equation:
𝐿(𝑡) = 𝐿∞ (1 − 𝑒 −𝐾(𝑡−𝑡0) )
Where L(t) is length at time t, L∞ is the theoretical mean maximum (asymptotic) length, t0
is the x-intercept associated with the predicted age at which size is 0 mm, and K is the
Brody growth coefficient (Ricker 1975). Von Bertalanffy parameters were estimated
using Proc NLIN (SAS 2011).
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Table 1

Thermal and hydrologic variables and associated hypotheses evaluated for
influence on Shovelnose Sturgeon annual growth increment during growth
years 1 through 7 in the lower Mississippi River.

Variable

Variable range

Days water temperature > 28°C

Expected effect on growth
increment
Negatively affects growth

Days water temperature 12-24°C

Positively affects growth

97-134 days

Days water temperature < 11°C

Negatively affects growth

86-136 days

Floodplain inundation (days river stage >
8.9 m on Vicksburg gage; Approx. 730,000
cfs)

Positively affects growth

7-225 days

Low water (days river stage < lower quartile
of mean daily stage for Vicksburg gage)

Negatively affects growth

10-210 days

Minimum river stage

Negatively affects growth

0.01-13.71 m

Maximum river stage

Positively affects growth

26.23-50.83 m

5-77 days

Variable range is the annual variation during the years 2001-2012 when annual growth
increments were assessed
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CHAPTER IV
RECRUITMENT AND MORTALITY ASSESSMENT METHODS
A minimum of 5 fish from each 1-cm length class were aged for all length classes
greater than 42 cm. Length classes smaller than 42 cm were represented by few
individuals, and I aged a minimum of 5 fish from each 2-cm length class for fish of these
smaller lengths (See Age assessment). An age-length key (Isely and Grabowski 2007)
developed from 206 aged fish was used to assign ages to 657 unaged fish captured during
2012-2013. Instantaneous total mortality (Z) was calculated for fully recruited year
classes by catch-curve regression (Ricker 1975). Annual survival (S) was computed as
𝑒 −𝑧 , and annual mortality was computed as 1-S. Number at age was proportionally
weighted to sample size, which deflated the influence of older and rarer fish in the
analysis (Maceina and Bettoli 1998). The residuals were used as estimates of variable
recruitment, with positive residuals associated with stronger year classes and negative
residuals associated with weaker year classes (Maceina 1997; Maceina and Bettoli 1998).
Shovelnose Sturgeon spawn at water temperatures of 17-21°C (Keenlyne 1997;
Tripp et al. 2009a). This temperature range begins in April during most years on the
LMR. Thus, factors that may influence recruitment to age-classes beyond year 1 were
assessed using variables measured from April to March, a timeframe coincident with the
first year of life for Shovelnose Sturgeon. Simple linear regression with residuals from
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the total mortality regression as the dependent variable were used to test the effects of
temperature or hydrologic variables during the first year of life. Kappenman et al. (2009)
found Shovelnose Sturgeon mortality increased at temperatures > 28°C and < 12°C and
temperatures 18-20°C were associated with improved Shovelnose Sturgeon body
condition. I assessed the relationship between recruitment and duration of water
temperatures >28°C, <10°C, and 18-20°C that occurred during the first growth year. I
also assessed the relationship between recruitment and duration of water temperatures 1824°C during the first growth year and duration of water temperatures 18-24°C on the
ascending limb of the thermograph coupled with duration of water temperatures declining
from 24°C to 12°C that occur during and after the autumn months (Table 2). Phelps et al.
(2010b) suggested higher flows inundating vegetated habitats that potentially provide
cover may increase survival of recently hatched Shovelnose Sturgeon. Hydrologic
variables included duration of floodplain inundation. Flooding of vegetated habitats that
provide cover for newly hatched Shovelnose Sturgeon (i.e. willows on islands and
sandbars) also can occur at stages less than bankfull; thus, duration of river stages >5 m,
>6 m, >7 m, and >8 m were also tested (Table 2). Duration of floodplain inundation
coupled with temperatures 17-21°C was also tested as an independent variable, as Phelps
et al. (2010b) suggested that greater recruitment of Shovelnose Sturgeon may occur
during years that experience longer durations of high flows when water temperature is
17-21°C. Statistical significance was declared at P<0.05.
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Table 2

Thermal and hydrologic variables and associated hypotheses evaluated for
influence on Shovelnose Sturgeon recruitment in the lower Mississippi
River

Variable

Expected effect on recruitment

Variable range

Days < 10°C

Negatively affects recruitment

86-141 days

Days 18-20°C

Positively affects recruitment

17-45 days

Days 18-24°C

Positively affects recruitment

37-92 days

Days 18-24°C, break for high
summer temps, then 24-12°C

Positively affects recruitment

51-114 days

Days > 28°C

Negatively affects recruitment

33-81 days

Days > 5m (Approx. 440,000 cfs)
on Vicksburg gage

Positively affects recruitment

117-303

Days > 6m (Approx. 530,000 cfs)

Positively affects recruitment

87-270

Days > 7m (Approx. 620,000 cfs)

Positively affects recruitment

74-250

Days > 8m (Approx. 690,000 cfs)

Positively affects recruitment

52-177

Days > 8.9m on Vicksburg gage
(Floodplain Inundation; Approx.
730,000 cfs)

Positively affects recruitment

32-173 days

Floodplain inundation + Days 1721°C

Positively affects recruitment

0-46 days
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CHAPTER V
GROWTH ASSESSMENT RESULTS
Age estimation and reader agreement
Initial agreement of age estimates between readers was achieved on 50% of the
206 spines that were aged. Consensus age was not achieved for two fish (1%), and these
samples were excluded from further analysis. Of the spines for which initial age
estimates did not agree, differences were within 1 year for 36% of the spines, 2 years for
12% of the spines, 3 years for 1% of the spines, and 4 years for 1% of the spines. Initial
disagreements of > 3 years occurred for one fish aged 13 and one fish aged 14. Initial
age agreements between readers were achieved for at least 50% of fish aged 1, 2, 3, 4, 5,
7, 9, 14, and 15. Between-reader precision (CV) was 7.2% across all age groups, and
agreement rates decreased for older fish (Table 3). Assigned ages ranged from 1-18
years of age, with a total of 16 year classes (1995-2012, no fish from 1996 or 1997)
represented.
Marginal increment analyses
For 62 Shovelnose Sturgeon aged 7, 8, and 9 years, marginal increment varied
widely from January to April and in November and December (Figure 2). Marginal
increment was lowest in July (average water temperature approximately 28°C; Figure 3),
then increased from August through December. Although no fish were collected in May
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and June and few fish were captured during July-October, it appears that Shovelnose
Sturgeon had completed annulus formation by July. However, low marginal increments
seen in the months preceding July, particularly in March, suggest some Shovelnose
Sturgeon may form annuli earlier in the year. Similarly, for 54 Shovelnose Sturgeon
aged 10, 11, and 12 years, marginal increment varied widely from January to April
(Figure 2). Mean marginal increment peaked in February, followed by a decline in
marginal increment from March to June. Marginal increment was lowest and least
variable in June, then increased in November and December. No fish aged 10, 11, and 12
years were collected in August, September, or October, and it appears annulus formation
was completed by June. Similar trends observed for the two age groups suggests that
annulus formation was complete by June or July for Shovelnose Sturgeon in the LMR
(Figure 2). Based on the results of the marginal increment analysis, growth year was
considered to be June to May.
Growth assessments
A total of 206 Shovelnose Sturgeon collected in the 2012-2013 collection season
were used for growth assessments. Fork lengths at capture of these fish were 278-800
mm. Back-calculated lengths to the most recently formed annulus ranged from 133 mm
at age 1 to 785 mm at age 13 (Figure 4). Growth increments were largest during the first
year of growth, and decreased in subsequent years (Figure 5). The von Bertalanffy
growth equation for Shovelnose Sturgeon collected from the LMR was 𝐿(𝑡) = 718.2 (1 −
𝑒 −0.18(𝑎𝑔𝑒+0.73) ) (Figure 6).
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I found negative relationships between back-calculated length and age at capture
for all years of growth except the first and second (Figure 7). Thus, I concluded that
there was a Lee effect in this sample and that back-calculated lengths of younger fish
calculated from older fish were smaller than the actual lengths that occurred in growth
years 3-7.
The variations of thermal and hydrologic variables among years are summarized
in Table 1. Confidence model sets relating annual growth increments during growth
years 1-7 to environmental conditions included a minimum of seven models (year 3) and
a maximum of 27 models (year 5; Appendix A). Duration of temperatures 12-24°C and
duration of temperatures < 11°C influenced Shovelnose Sturgeon annual growth
increment. Duration of temperatures 12-24°C was positively related to annual growth
increment, had a proportional occurrence > 0.73 and ω > 0.61, and was interpretable in at
least 52% of the models in the confidence model sets for growth years 2, 3, 4 and 5
(Table 4). Duration of temperatures < 11°C was negatively related to annual growth
increment, had a proportional occurrence > 0.59 and ω > 0.61, and was interpretable in at
least 36% of the models in the confidence model sets for growth years 3, 5, and 6 (Table
4). For years 2-6, R2 for models in confidence sets that included days 12-24°C, days
below 11°C, or both, ranged from 0.04-0.14 (Appendix A). No influence on annual
growth increment was detected for duration of temperatures > 28°C, maximum stage,
minimum stage, duration of floodplain inundation, and duration of low water.
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Table 3

Consensus age and differences in ages initially assigned by two independent
readers for 206 Shovelnose Sturgeon collected in 2012-2013 from the lower
Mississippi River. Initial agreement occurs when both readers assign the
same age to a fish on the first read.
Difference between readers

Consensus n
Initial
Agreement rate
age
agreement
(%)
1 year
2
100
1
2
4
100
2
4
8
50
3
4
4
13
92
4
12
1
14
64
5
9
4
22
45
6
10
12
15
60
7
9
3
21
48
8
10
10
17
59
9
10
3
25
32
10
8
14
20
35
11
7
8
20
35
12
7
7
13
38
13
5
5
9
56
14
5
2
2
50
15
1
1
1
0
18
1
n is the number of specimens examined
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2 years

3 years

4 years

1
2
1
3
3
5
6
2
1

1
1

1
1

Table 4

Summary of predictor variables included in confidence models sets that
were deemed influential on Shovelnose Sturgeon annual growth increment.

Year of growth

Variable
Days 12-24°C

Proportional
occurrence
1

Relative variable
weight
1

Proportion
interpretable
1

Year 2
Year 3

Days 12-24°C

0.86

0.87

0.86

Year 3

Days < 11°C

0.86

0.86

0.86

Year 4

Days 12-24°C

1

1

1

Year 5

Days 12-24°C

0.73

0.61

0.52

Year 5

Days < 11°C

0.59

0.61

0.36

Year 6
Days < 11°C
0.77
0.79
0.77
Proportional occurrence is the proportion of models in the set that included the variable
of interest. Relative weight is a function of the model AIC weight summed across all
models where the variable occurred. A parameter was interpretable if its 95% confidence
interval did not include zero, and proportion interpretable was calculated by dividing the
number of models in a confidence set in which a variable was interpretable by the total
number of models within the confidence set.
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Figure 2

Mean marginal increment for Shovelnose Sturgeon aged 7, 8, and 9 years
(left) and Shovelnose Sturgeon aged 10, 11, and 12 years (right) collected
from the lower Mississippi River from 2008-2013.

Whiskers denote maximum and minimum marginal increment values. Numbers indicate
the number of specimens examined for each month
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Figure 3

Mean monthly temperatures (2007-2015) for the lower Mississippi River at
Vicksburg, Mississippi (solid black line), the lower Missouri River at
Jefferson City, Missouri (dashed black line), the upper Mississippi River at
Clinton, Iowa (solid grey line), and the upper Missouri River at Williston,
North Dakota (dashed grey line). Data obtained from USGS (USGS;
http://waterdata.usgs.gov/nwis) and USACE
(http://rivergages.mvr.usace.army.mil/WaterControl) online river gage
databases.
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Figure 4

Back-calculated lengths for 206 Shovelnose Sturgeon collected from the
lower Mississippi River used for growth analyses.

The horizontal line within the box indicates the median, the + symbol in the box indicates
the mean, the boundaries of the box indicate the 25th and 75th percentiles, and the
whiskers indicate the maximum and minimum fork lengths.
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Figure 5

Annual growth increments for 206 Shovelnose Sturgeon collected from the
lower Mississippi River used for growth analyses.

The horizontal line within the box indicates the median, the + symbol in the box indicates
the mean, the boundaries of the box indicate the 25th and 75th percentiles, and the
whiskers indicate the maximum and minimum annual growth increments.
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Figure 6

von Bertalanffy growth curves for Shovelnose Sturgeon populations in the
lower Mississippi River (this study, solid black line), the middle Mississippi
River (solid grey line; Tripp et al. 2009b); lower Missouri River (dashed
gray line; Bajer and Wildhaber 2007), and Yellowstone River (dashed black
line; Everett et al. 2003).
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1

Figure 7

Relationships between back-calculated lengths-at age and age at capture for
growth years 1-7 for 206 Shovelnose Sturgeon collected from the lower
Mississippi River
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CHAPTER VI
RECRUITMENT AND MORTALITY ASSESSMENT RESULTS
Shovelnose Sturgeon used for recruitment and mortality assessments were 278852 mm FL with a modal length of 640 mm, and ages were 1-18 (Figure 8). The number
of fish in each age class increased through age 7; thus age 7 was considered fully
recruited to the sampling gear. Total instantaneous mortality for Shovelnose Sturgeon
age 7 and greater was 0.324, and annual mortality was 28% (Figure 9). With age-7 and
older fish included in the catch curve analysis, recruitment was estimated for 9 year
classes spawned in 1997-2005. Strong year classes were detected for cohorts spawned in
2000 and 2002, and weak year classes occurred in 1997 and 2005.
Recruitment was negatively related to duration of temperatures <10°C and
positively related to duration of temperatures 18-20°C, duration of temperatures 18-24°C,
and duration of temperatures 18-24°C combined with duration of temperatures 24-12°C
that occurred during and after the autumn months; number of days when water
temperature was 18-24°C accounted for the most variation (Table 5). Residuals from the
catch curve regression were not significantly related to duration of temperatures >28°C or
any of the hydrologic variables.
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Table 5

Regression results of Shovelnose Sturgeon recruitment related to annual
water temperature and river stage.
Variable
Days < 10°C

Slope
-0.03

R2
0.45

P
0.04

Days 18-20°C

0.04

0.48

0.03

Days 18-24°C

0.02

0.53

0.03

Days 18-24°C, break for high summer
temps, then 24-12°C

0.02

0.47

0.04

Days > 28°C

-0.01

0.02

0.69

Days > 5m on Vicksburg gage

0

0.02

0.7

Days > 6m

0

0.04

0.62

Days > 7m

0

0.09

0.42

Days > 8m

0

0.14

0.37

Days > 8.9m (Floodplain Inundation)

0

0.12

0.41

-0.01

0.1

0.42

Floodplain inundation + Days 17-21°C
Significant relationships (P<0.05) are in bold
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Figure 8

Length frequency distribution for 863 Shovelnose Sturgeon collected from
the lower Mississippi River in 2012-2013 and used in catch-curve analysis.
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Figure 9

Catch curve regression for 863 Shovelnose Sturgeon collected from the
lower Mississippi River in 2012-2013.
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CHAPTER VII
GROWTH ASSESSMENT DISCUSSION
Growth and temperature
Positive association of annual growth increment with duration of water
temperature 12-24°C and negative association of annual growth increment with duration
of water temperature < 11°C matches the effect of temperature on growth of juvenile
Shovelnose Sturgeon from the upper Missouri River measured in controlled laboratory
settings (Kappenman et al. 2009). My results, however, did not detect suppression of
growth at water temperatures > 28°C predicted from laboratory assessment of juvenile
fish propagated from individuals collected from the upper Missouri River (Kappenman et
al. 2009). Water temperatures in the upper Missouri River are cooler throughout the year
compared to water temperatures in the LMR (maximum monthly mean temperature is
22.5°C on the upper Missouri River at Williston, North Dakota, and 28.5°C on the LMR
at Vicksburg, Mississippi; Figure 3). Possibly, Shovelnose Sturgeon in the LMR have
higher thermal tolerances, or their feeding behavior or food consumption is less affected
by warm water than fish in cooler, more northern latitudes. The differences may also be
related to ontogeny; my sample was for a wide range of sizes of Shovelnose Sturgeon,
whereas Kappenman et al. (2009) only evaluated juvenile fish.
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As 28°C does not appear to be a temperature threshold that negatively affects
growth for LMR Shovelnose Sturgeon but temperatures < 11°C negatively influence
growth and temperatures 12-24°C positively influence growth, factors that delay warming
of water temperature may reduce growth potential for Shovelnose Sturgeon in the LMR.
Negative impacts on growth related to delayed warming of water temperatures could be
exacerbated by several anthropogenic alterations to the channel morphometry of the
LMR. Bendway cutoffs (man-made channels constructed to bypass meander loops) that
have increased water conveyance and the construction of levees that confine the lateral
spread of shallow flood waters have reduced retention time of water on the floodplain;
together, these alterations have likely delayed the annual warming of water temperatures
in the LMR (Schramm and Eggleton 2006; Schramm and Ickes 2016). These changes
would reduce the number of days of warm water associated with increased growth of
Shovelnose Sturgeon.
Growth and hydrology
The floodplain is the foundation of production in floodplain rivers and export
organic matter and living biomass, including benthic invertebrates, to the river (Junk et
al. 1989; Ward and Stanford 1995). Shovelnose Sturgeon feed almost exclusively on
benthic invertebrates in the LMR and in other parts of their range (Hofpar 1997; Hoover
et al. 2007; Harrison et al. 2014), and chironomids are a dominant component of their diet
(Hoover et al. 2007; Bock et al. 2011; Rapp et al. 2011). Gosch et al. (2014) found
benthic invertebrate abundance increased quickly after floodplain inundation in the
Missouri River, and dipterans (almost exclusively chironomids) were both early
colonizers and the most abundant taxon. Whether Shovelnose Sturgeon move onto the
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inundated floodplain or remain in the river has not been established. Trotlines catch large
numbers of Shovelnose Sturgeon in riverine habitats in the LMR, including during times
of overbank flooding (DeVries et al. 2015). Extensive sampling of inundated floodplain
with trotlines did not capture Shovelnose Sturgeon (M. Eggleton and H. Schramm,
unpublished data), suggesting little direct use of floodplains for foraging. Whether
Shovelnose Sturgeon move onto the floodplain to consume benthic invertebrates or
remain within the river banks and consume exported benthic invertebrates, forage
resources would be expected to be positively related to duration of floodplain inundation.
Contrary to prediction, floodplain inundation did not influence the growth of Shovelnose
Sturgeon and suggests floodplain inundation may not affect the quantity or quality of
food resources available to Shovelnose Sturgeon in the LMR. However, the lack of an
effect is not without precedent. Gutreuter et al. (1999) found increased growth rate of
floodplain-dependent fishes (Bluegill [Lepomis macrochirus] and Largemouth Bass
[Micropterus salmoides]) coincided with protracted floodplain inundation but did not find
evidence of increased growth of a riverine fish (White Bass [Morone chrysops]) in the
upper Mississippi River. In the LMR, Schramm and Eggleton (2006) found a significant
relationship between floodplain inundation and growth rate for Blue Catfish (Ictalurus
furcatus) that forage on inundated floodplains but only a weak relationship for Flathead
Catfish (Pylodictis olivaris) that do not forage on the floodplain. Despite the potential
increase in prey abundance associated with floodplain inundation, annual hydrologic
fluctuations on the LMR do no not appear to be a factor influencing Shovelnose Sturgeon
growth.
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Growth differences among river reaches
The positive effect of duration of temperatures of 12-24°C and negative effect of duration
of temperatures < 11°C on growth would predict that Shovelnose Sturgeon in colder
portions of their range would have slower growth rates. However, comparison of von
Bertalanffy growth curves for Shovelnose Sturgeon throughout their range does not show
a latitudinal trend in growth that supports this prediction (Figure 6). Despite greater
duration of water temperatures associated with slow growth (< 11°C) and shorter
durations of temperatures associated with increased growth (12-24°C), Shovelnose
Sturgeon grew faster in the Yellowstone and middle Mississippi Rivers.
Durations of temperatures that are associated with decreased Shovelnose Sturgeon
growth (< 11°C) in the LMR may not have a similar effect on Shovelnose Sturgeon found
in other river reaches. Further, thermal variables accounted for relatively small portions
of the variation in growth in our study (< 15%), suggesting that temperature is just one of
many factors affecting Shovelnose Sturgeon growth. Possibly, useful food resources may
be more plentiful in the reaches of the Yellowstone and middle Mississippi River where
Shovelnose Sturgeon experience faster growth. Anderson (2010) attributed relatively
slow growth of Shovelnose Sturgeon on the Platte River to water level fluctuations
associated with variable discharge from upstream reservoirs that decreased available
foraging habitat for Shovelnose Sturgeon that reside downstream of dams on that river,
and prey availability associated with artificial flow perturbations or other localized
habitat conditions may have a relatively large influence on Shovelnose Sturgeon growth.
Thus, habitat conditions, particularly as they relate to forage assemblage and abundance,
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may also need to be considered to more fully account for rangewide differences in
Shovelnose Sturgeon growth.
Lee effect
Back-calculated lengths in this study indicate the presence of a Lee effect.
Specifically, my results suggest that lengths calculated from older fish are likely smaller
than the actual lengths that occurred in earlier years. Back-calculated lengths at age
estimated from older fish can be smaller than actual lengths in harvested populations
when the larger, faster growing members of an age group are more vulnerable to capture,
and are therefore removed from the population by the fishery (i.e., the slower growing
members of the population have decreased vulnerability to fishing mortality). Koch et al.
(2009) found a Lee effect for Shovelnose Sturgeon populations collected from navigation
pools throughout the upper Mississippi River that experienced commercial harvest but
did not detect a Lee effect in pools that had little or no commercial harvest. With
commercial harvest closed throughout most of the LMR by the year 2000, most fish in
my sample were not affected by commercial harvest. Entrainment in the propellers of
large commercial vessels (towboats) has been shown, via modeling, to cause substantial
mortality of Shovelnose Sturgeon, and this force of mortality was selective for larger fish
(Miranda and Killgore 2013). Lacking measures of population size or entrainment
mortality, it is difficult to infer whether entrainment mortality would be sufficient to
cause a Lee effect. Although a well-supported reason for a Lee effect is not apparent,
back-calculated lengths were biased. The effects of this bias on relationships with
environmental variables cannot be determined, but I suggest that the bias is small because
I analyzed annual growth increments rather than length at age. For example, the growth
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increments for age 4 fish in a particular cohort were estimated by subtracting the backcalculated length at age 4 from the back-calculated length at age 5; if both of these backcalculated lengths were, based on trends from all specimens in the age class,
underestimated, effect on growth increment would have been nil or minimal.
Aging precision and agreement
Between-reader precision (CV) was 7.2% across all age groups, which included
fish up to age 18. This CV was slightly lower than the CV of 8.2% found by Jackson et
al. (2007) for a sample containing fish up to age 16, but higher than the CV of 2.4%
obtained by Nepal et al. (2015) for a sample of fish up to age 25. Initial agreement rates
between readers were higher than the 13-35% agreement rates obtained in other studies
that aged Shovelnose Sturgeon with sectioned pectoral fin spines (Morrow et al. 1998;
Whiteman et al. 2004; Kennedy et al. 2006; Anderson 2010; Hamel 2013) but lower than
70-75% achieved by Koch et al. (2008) and Nepal et al. (2015). Higher agreement rates
than those from most previous studies, as well as censoring only two fish due to lack of
reader agreement, may be attributed, in part, to training the readers with known-age fish
and to the equipment used to capture images of spine sections. Viewing the spine
preparations on a large-screen, high-definition monitor clarified faint annuli that were
difficult to see when viewed through the narrow field of a microscope and aided concert
reads.
Marginal increment analyses
Low marginal increments were observed as early in the annual growth cycle as
March for fish aged 7-9 years and as early as April for fish aged 10-12 years. The lowest
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average marginal increments occurred in July for fish aged 7-9 (with no fish collected in
June) and in June for fish aged 10-12. Results from both age groups indicate that annulus
formation may be complete as early as March for some Shovelnose Sturgeon, and that
annulus formation may be complete by early summer for all Shovelnose Sturgeon in the
LMR. Small marginal increments can result from recently formed annuli and from slow
growth. The wide variation in marginal increment observed in most months probably
represented both variation in annual growth and variation in time of annulus formation.
Despite small sample sizes, particularly in the summer months, similar trends observed
across a range of ages suggest that Shovelnose Sturgeon form annuli in June or July of
each year. All analyses of Shovelnose Sturgeon growth were predicated on a June-May
growth year, which was substantiated by the marginal increment analysis.
Whiteman et al. (2004) noted a later time of annulus formation for fish collected
from the lower Missouri River near Jefferson City, Missouri, observing low increments
beginning in June and the lowest average marginal increment occurring in August.
Average water temperatures at Vicksburg, Mississippi are 26 and 28°C in June and July,
respectively, when average marginal increments are lowest. Average water temperatures
in the lower Missouri River near Jefferson City, Missouri are > 26°C in July and August,
the time when Whiteman et al. (2004) noted that most Shovelnose Sturgeon had
completed annulus formation. The results of this study and those of Whiteman et al.
(2004) both indicate annulus formation coinciding with water temperatures of 26-28°C.
The results of these studies suggest that the timing of annulus formation is variable
between river reaches, and that timing of annulus deposition needs to be assessed on a
reach by reach basis. Further assessments of the timing of annulus formation for more
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populations throughout the range of Shovelnose Sturgeon are needed to more thoroughly
assess factors that may influence the time of annulus formation, and future use of pectoral
spines for age and growth analyses would benefit from additional marginal increment
assessments, particularly during summer months.
Future research considerations
Although I found two thermal factors that influence Shovelnose Sturgeon growth,
these variables accounted for relatively small amounts of the variation in growth.
Achieving a better understanding of Shovelnose Sturgeon growth in the LMR and other
large rivers should consider additional environmental variables, the abundance of
Shovelnose Sturgeon, and possibly the abundance of other fishes that may share food
resources with Shovelnose Sturgeon. The results of this study were obtained using
common methods used to age and assess annual growth increments of Shovelnose
Sturgeon, but errors in aging are likely (Whiteman et al. 2004). Further, a discernible
pattern of annulus formation may not occur for fish in some rivers, which would lead to
biased age estimates (Rugg et al. 2014). More reliable methods of aging Shovelnose
Sturgeon will benefit assessment of factors that affect growth on a reach by reach basis.
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CHAPTER VIII
RECRUITMENT AND MORTALITY ASSESSMENT DISCUSSION
Recruitment and temperature
Positive association of recruitment with duration of warm water temperature and
negative association of recruitment with duration of water temperature <10°C matches the
effect of temperature on survival and condition of juvenile Shovelnose Sturgeon from the
upper Missouri River measured in controlled laboratory settings (Kappenman et al.
2009). However, I did not detect a negative influence of duration of temperatures >28°C
on recruitment as observed by Kappenman et al. (2009). As explained in Growth and
Temperature, water temperatures in the upper Missouri River are cooler than in the LMR.
Specifically, average monthly water temperatures do not reach 28°C in the upper
Missouri River, whereas average water temperature in the LMR stays at and above 28°C
during July and August. Possibly age-0 Shovelnose Sturgeon in the LMR may have
higher thermal tolerances than fish in cooler, more northern latitudes such as the upper
Missouri River. As recruitment is positively associated with temperatures 18-24°C,
negatively associated with temperatures ≤10°C, and not affected by temperatures >28°C,
factors that delay warming of water temperatures may in turn reduce annual recruitment
potential for Shovelnose Sturgeon in the LMR. Negative impacts on recruitment related
to delayed warming of water temperatures could be exacerbated by several anthropogenic
alterations to the channel morphometry of the LMR that are outlined in the Growth and
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Temperature discussion that would reduce the number of days associated with thermal
conditions favorable to Shovelnose Sturgeon recruitment.
Survival of age-0 fish, and thus recruitment, is positively associated with growth
rate, as growth rate affects the timeframe that newly hatched larvae are vulnerable to
predation (Fogarty et al. 1991). Results of this growth and temperature analysis for
Shovelnose Sturgeon ages 1-7 also suggest that temperatures 12-24°C positively
influence growth and temperatures <11°C negatively influence growth (See Growth and
temperature). These temperature thresholds that positively influence growth rate, and
thus recruitment, have also likely been shortened by anthropogenic changes to the LMR.
Slower annual growth associated with the physical characteristics of the LMR likely
causes juvenile sturgeon to remain susceptible to gape-limited predation for longer
timeframes.
Recruitment and hydrology
Although Phelps et al. (2010a) found greater catch rates of age-0 Scaphirhynchus
spp. around flooded island habitats in the middle Mississippi River and high catch rates
of Scaphirynchus spp. have been recorded in and adjacent to flooded vegetation on
islands in the LMR (Schramm et al. 2017), preferred and required habitats of age-0
Shovelnose Sturgeon remain poorly understood. The lack of relationships between
elevated river stages, including duration of floodplain inundation, found in this study
suggest that early life-stage Shovelnose Sturgeon may occupy areas in and near
vegetation when available, but such habitat is not necessary for successful recruitment.
Indeed, dependency on inundated vegetation for a critical life stage would be maladaptive
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in a river like the LMR with wide annual and interannual variation in river stage. These
results support the suggestion by Schramm et al. (2017) that Shovelnose Sturgeon in their
first year of life may be able to find suitable abiotic conditions and refuge from predation
even during years in which vegetated habitats are only briefly inundated.
Mortality
While commercial fishing has been closed since 1990 in Louisiana waters of the
LMR and since 1997 in Mississippi waters of the LMR, commercial fishing remained
open until 2000 for Arkansas waters of the LMR. Thus, faster growing individuals from
cohorts of fish aged 13, 14, and 15 may have been depleted by commercial fishing, as
fish used in the catch curve analysis were collected in late 2012 and early 2013. Further,
the Shovelnose Sturgeon fishery was not closed in other states that border the LMR
(Tennessee, Missouri, and Kentucky) until 2010, and it is possible that some harvest
affected the advanced age classes used to estimate mortality. The annual mortality rate of
28% estimated in this study for fish collected throughout the LMR (Tunica, Greenville,
and Vicksburg Mississippi, Baton Rouge Louisiana) was higher than the 20% mortality
rate previously estimated for commercially harvested stocks collected from a localized
area of the LMR near Vicksburg, Mississippi (Morrow et al. 1998) and the 25%
estimated mortality rate in lower Missouri River (Quist et al. 2002). Conversely, higher
annual mortality rates were observed for commercially harvested stocks in the lower
Platte River (43%; Anderson 2010), middle Mississippi River (42%; Jackson 2004), and
lower Wabash River (31%; Jackson 2004). Commercial fishing is a factor that has
contributed to Shovelnose Sturgeon mortality throughout their range (Quist et al. 2002),
but the influence of fishing mortality on total annual mortality is difficult to quantify, as
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evidenced by the different mortality rates throughout the range of Shovelnose Sturgeon
for a number of populations that experience or recently experienced commercial harvest.
Future estimates of mortality using age classes not affected by fishing mortality are
warranted. Further, analyses of factors other than fishing mortality that affect annual
mortality are needed throughout the Shovelnose Sturgeon range to better assess factors
that influence these highly variable mortality rates across rivers.

46

REFERENCES

Anderson, T. L. 2010. Shovelnose Sturgeon age and growth characteristics and fish
community characteristics of the Lower Platte River and Missouri River near
Nebraska. M.A. Thesis. University of Nebraska, Lincoln, Nebraska.
Bailey, R. M., and F. B. Cross. 1954. River sturgeons of the American genus
Scaphirhynchus: characters, distribution, and synonymy. Papers of the Michigan
Academy of Science, Arts, and Letters 39:169-208.
Bajer, P. G., and M. L. Wildhaber. 2007. Population viability analysis of Lower Missouri
River shovelnose sturgeon with initial application to the pallid sturgeon. Journal
of Applied Ichthyology 23:457-464.
Batzer, D. P., and S. A. Wissinger, S.A. 1996. Ecology of insect communities in nontidal
wetlands. Annual Review of Entomology 41:75-100.
Bock, L. R., R. R. Goforth, T. Stefanavage, and M. Sepúlveda. 2011. Diet of shovelnose
sturgeon in the middle Wabash River, Indiana. Journal of Applied Ichthyology
27:309-315.
Brennan, S. J., and G. M. Cailliet. 1989. Comparative age-determination techniques for
white sturgeon in California. Transactions of the American Fisheries Society
118:296-310.
Burnham, K. P., and D. R. Anderson. 2002. Model selection and multimodal inference: a
practical information-theoretic approach. Springer, New York.
Campana, S. E. 2001. Accuracy, precision and quality control in age determination,
including a review of the use and abuse of age validation methods. Journal of Fish
Biology 59:197-242.
Casselman, J. M. 1987. Determination of age and growth. Pages 209-242 in A.H.
Weatherley and H.S. Gill, editors. The Biology of Fish Growth. Academic Press,
New York.
Collins, M. R., and T.I.J. Smith. 1996. Sturgeon fin ray removal is nondeleterious. North
American Journal of Fisheries Management 16:939-941.

47

Colombo, R. E., J. E. Garvey, N. D. Jackson, B. T. Koch, R. Brooks, D. P. Herzog, R.A.
Hrabik, and T. W. Spier. 2007. Harvest of Mississippi River sturgeon drives
abundance and reproductive success: a harbinger of collapse? Journal of Applied
Ichthyology 23:444-451.
Delonay, A.J., R.B. Jacobson, D.M. Papoulias, D.G. Simpkins, M.L., Wildhaber, J.M.
Reuter, T.W. Bonnot, K.A. Chojnacki, C.E. Korschgen, G.E. Mestl, and M.J.
Mac. 2009. Ecological requirements for pallid sturgeon reproduction and
recruitment in the lower Missouri River: A research synthesis 2005-08. U.S.
Geological Survey Scientific Investigations Report 2009-5201.
DeVries, R. J., D. A. Hann, and H. L. Schramm Jr. 2015. Increasing capture efficiency of
pallid sturgeon Scaphirhynchus albus (Forbes and Richardson, 1905) and the
reliability of catch rate estimates. Journal of Applied Ichthyology 31:603-608.
Ebersole, J. L., M. E. Colvin, P. J. Wigington Jr., S. G. Leibowitz, J. P. Baker, M.
Robbins Church, J. E. Compton, and M. A. Cairns. 2009. Hierarchical modeling
of late-summer weight and summer abundance of juvenile socho salmon across a
stream network. Transactions of the American Fisheries Society 138:1138-1156.
Everett, S. R., D. L. Scarnecchia, G. J. Power, and C. J. Williams. 2003. Comparison of
age and growth of shovelnose sturgeon in the Missouri and Yellowstone Rivers.
Fogarty, M.J., M.P. Sissenwine, and E.B. Cohen 1991. Recruitment variability and the
dynamics of exploited marine populations. TRENDS in Ecology and Evolution 6:
241-246.
Goodman, B.J., C.S. Guy, S.L. Camp, W.M. Gardner, K.M. Kappenman, and M.A.H
Webb. 2013. shovelnose sturgeon spawning in relation to varying discharge
treatments in a Missouri River tributary. River Research and Applications
29:1004-1015.
Gosch, N.J.C., M. L. Miller, A. R. Dzialowski, D. M. Morris, T. R. Gemeinhardt, T. R.,
and J. L. Bonneau. 2014. Assessment of Missouri River floodplain invertebrates
during historic inundation: implications for river restoration. Knowledge and
Management of Aquatic Ecosystems 412:05.
Gutreuter, S., A. D. Bartels, K. Irons, and M. B. Sandheinrich. 1999. Evaluation of the
flood-pulse concept based on statistical models of growth of selected fishes of the
upper Mississippi River system. Canadian Journal of Fisheries and Aquatic
Sciences 56:2282-2291.
Hair, J. F. Jr., Anderson, R. E., Tatham, R. L, and W. C. Black. 1995. Multivariate Data
Analysis. New York: Macmillan.
48

Hamel, M. J. 2013. Determining Scaphirhynchus sturgeon population demographics and
dynamics: Implications for range-wide management, recovery, and conservation.
Disseration. University of Nebraska, Lincoln Nebraska.
Harrison, A. B., W. T. Slack, and K. J. Killgore. 2014. Feeding habitats of young-of-year
river sturgeon Scaphirhynchus spp. In the lower Mississippi River. The American
Midland Naturalist.
Hofpar, R. L. 1997. Biology of shovelnose sturgeon in the lower Platte River, Nebraska.
Thesis. University of Nebraska, Lincoln Nebraska.
Hoover, J. J., S. G. George, and K. J. Killgore. 2007. Diet of shovelnose sturgeon and
pallid sturgeon in the free-flowing Mississippi River. Journal of Applied
Ichthyology 23:494-499.
Isely, J. J., and T. B. Grabowski. 2007. Age and growth. Pages 187-228 in C.S. Guy and
M.R. Brown, editors. Analysis and interpretation of freshwater fisheries data.
American Fisheries Society, Bethesda, Maryland.
Jackson, N.D. 2004. Age, growth, and mortality of shovelnose sturgeon, Scaphirhynchus
platorynchus, in the middle Mississippi and lower Wabash River, Illinois. Thesis.
University of Southern Illinois, Carbondale Illinois.
Jackson, N. D., J. E. Garvey, and R. E. Colombo. 2007. Comparing aging precision of
calcified structures in shovelnose sturgeon. Journal of Applied Ichthyology
23:525-528.
Junk, W. J., P. B. Bayley, and R. E. Sparks. 1989. The flood pulse concept in riverfloodplain systems. Canadian Special Publication of Fisheries and Aquatic
Sciences 106:110-127.
Kappenman, K. M., W. C. Fraser, M. Toner, J. Dean, and M.A.H. Webb. 2009. Effect of
temperature on growth, condition, and survival of juvenile shovelnose sturgeon.
Transactions of the American Fisheries Society 138:927-937.
Keenlyne, K.D. 1997. Life history and status of the shovelnose sturgeon, Scaphirhynchus
platorynchus. Developments in Environmental Biology of Fishes 17:291-298.
Kennedy, A. J., T. M Sutton, and B. E. Fisher. 2006. Reproductive biology of female
shovelnose sturgeon in the upper Wabash River, Indiana. Journal of Applied
Ichthyology. 22:177 182.
Koch, J. D., and M. C. Quist. 2007. A technique for preparing fin rays and spines for age
and growth analysis. North American Journal of Fisheries Management 27:782784.

49

Koch, J. D., M. C. Quist, C. L. Pierce, K. A. Hansen, and M. J. Stueck. 2009. Effects of
harvest on shovelnose sturgeon in the Upper Mississippi River. North American
Journal of Fisheries Management 29:84-100.
Koch, J. D., W. Schreck, and M. C. Quist. 2008. Standardized removal and sectioning
locations for shovelnose sturgeon fin rays. Fisheries Management and Ecology
15:139-145.
Kuntz, N. M., and H. L. Schramm, Jr. 2011. Pallid sturgeon habitat use and movement in
the lower Mississippi River 2009-2011. Mississippi Cooperative Fish and
Wildlife Unit, Mississippi State, Mississippi.
Maceina, M.J. 1997. Simple application of using residuals from catch-curve regressions
to assess year-class strength in fish. Fisheries Research 32:115-121.
Maceina, M.J., and P.W. Bettoli. 1998. Variation in largemouth bass recruitment in four
mainstream impoundments of the Tennessee River. North American Journal of
Fisheries Management 18:998-1003.
Miranda L. E., and K. J. Killgore. 2013. Entrainment of shovelnose sturgeon by towboat
navigation in the Upper Mississippi River. Journal of Applied Ichthyology
29:316-322.
Mirick, P. P. 2011. Evaluation of otter trawls and trotlines for catching pallid sturgeon in
the free flowing lower Mississippi River. M.A. Thesis. Mississippi State
University, Starkville Mississippi.
Morrow J.V., J.P. Kirk. K.J. Killgore, and S.G. George. 1998. Age, growth, and mortality
of shovelnose sturgeon in the lower Mississippi River. North American Journal of
Fisheries Management 18:725-730.
Nepal, K. C., R. E. Colombo, and L. D. Frankland. 2015. Demographics of shovelnose
sturgeon in the lower Wabash River, Illinois. North American Journal of Fisheries
Management 35:835-844.
Nguyen P. L., Z. J. Jackson, and D. L. Peterson. 2015. Comparison of fin ray sampling
methods on white sturgeon Acipenser transmontanus growth and swimming
performance. Journal of Fish Biology 87.
Parsons, G. R., J. J. Hoover, and K. J. Killgore. 2003. Effect of pectoral fin ray removal
on station-holdings ability of shovelnose sturgeon. North American Journal of
Fisheries Management 23:742-747.
Phelps, Q. E., I. Vining, D. P. Herzog, R. Dames, V. H. Travnichek, S. J. Tripp, and M.
Boone. 2013. A comparison of methods to estimate shovelnose sturgeon mortality
in the Mississippi River adjacent to Missouri and Illinois. North American Journal
of Fisheries Management 33:754-761.
50

Phelps, Q.E., S.J. Tripp, J.E. Garvey, D.P. Herzog, D.E. Ostendorf, J.W. Ridings, J.W.,
Crites, and R.A. Hrabik. 2010a. Habitat use during early life history infers
recovery needs for shovelnose sturgeon and pallid sturgeon in the middle
Mississippi River. Transaction of the American Fisheries Society 139:1060-1068.
Phelps, Q.E., S.J. Tripp, W.D. Hintz, J.E. Garvey, D.P. Herzog, D.E. Ostendorft, J.W.
Ridings, J.W. Crites, and R.A. Hrabik. 2010b. Water temperature and river stage
influence mortality and abundance of naturally occurring mississippi river
scaphirhynchus sturgeon. North American Journal of Fisheries Management
30:767-774.
Poff, N. L., and J. V. Ward. 1991. Drift responses of benthic invertebrates to
experimental streamflow variation in a hydrologically stable stream. Canadian
Journal of Fisheries and Aquatic Sciences 48:1926-1936.
Quist, M. C., C. S. Guy, M. A. Pegg, P. J. Braaten, C. L. Pierce, and V. H. Travnichek.
2002. Potential influence of harvest on shovelnose sturgeon populations in the
Missouri River system. North American Journal of Fisheries Management
22:537-549.
Rapp, T., D. A. Shuman, B.D.S. Graeb, S. R. Chipps, and E. J. Peters. 2011. Diet
composition and feeding patterns of adult shovelnose sturgeon (Scaphirhynchus
platorynchus) in the lower Platte River, Nebraska, USA. Journal of Applied
Ichthyology 27:351–355.
Richards, S. A. 2005. Testing ecological theory using the information-theoretic approach:
examples and cautionary results. Ecology 86:2805-2814.
Ricker, W. E. 1969. Effects of size-selective mortality and sampling bias on estimates of
growth, mortality, production, and yield. Journal of the Fisheries Research Board
of Canada 26:479-541.
Ricker, W. E. 1975. Computation and interpretation of biological statistics of fish
population. Bulletin of the Fisheries Research Board of Canada. 191:1-382.
Rugg, M. L., M. J. Hamel, M. A. Pegg, and J. J. Hammen. 2014. Validation of annuli
formation in pectoral fin rays from shovelnose sturgeon in the lower Platte River,
Nebraska. North American Journal of Fisheries Management 34:1028-1032.
SAS Institute, Inc. 2011: SAS statistical software, release 9.3. SAS Institute, Cary, NC,
USA.
Schramm Jr., H. L., and M. A. Eggleton. 2006. Applicability of the flood-pulse concept
in a temperate floodplain river ecosystem: thermal and temporal components.
River Research and Application 22:543-553.
Schramm Jr., H. L., D. Hann, and P. Hartfield. 2017. Abundance, growth, mortality, and
habitat use of pallid sturgeon and shovelnose sturgeon in the lower Mississippi
51

River. Chapter 2: Observations on trawl sampling for age-0 Scaphirhynchus spp.
in the lower Mississippi River. Progress report submitted to U.S. Fish and
Wildlife Service, Jackson, Mississippi. Mississippi Cooperative Fish and Wildlife
Research Unit, Mississippi State, Mississippi.
Schramm Jr., H. L., and B. S. Ickes. 2016. The Mississippi River: a place for fish. Pages
3-34 in Y. Chen, D.C. Chapman, J.R. Jackson, D. Chen, Z. Li, K.J. Killgore, Q.E.
Phelps, and M.A. Eggleton, eds. Fishery resources, environment, and
conservation in the Mississippi and Yangtze (Changjiang) River basins. American
Fisheries Society Symposium 84.
Schramm Jr., H. L., S. P. Malvestuto, and W. A. Hubert. 1992. Evaluation of procedures
for back-calculation of lengths of largemouth bass aged by otoliths. North
American Journal of Fisheries Management 12:604-608.
Seibert. J. R., Q. E. Phelps, S. J. Tripp, and J. E. Garvey. 2011. Seasonal diet composition
of adult shovelnose sturgeon in the Middle Mississippi River. The American
Midland Naturalist. 165:355-363.
Tripp, S. J., R. E. Colombo, and J. E. Garvey. 2009b. Declining recruitment and growth
of shovelnose sturgeon in the middle Mississippi River: implications for
conservation. Transactions of the American Fisheries Society 138:416-422.
Tripp, S. J., Q. E. Phelps, R. E. Colombo, J. E. Garvey, and B. M. Burr. 2009a:
Maturation and reproduction of shovelnose sturgeon in the middle Mississippi
River. North American Journal of Fisheries Management 29:730-738.
U.S. Fish and Wildlife Service [USFWS]. 2010. Endangered and threatened wildlife and
plants; Threatened status for shovelnose sturgeon under the similarity of
appearance provisions of the endangered species act. Federal register 75:169(1
September 2010): 53598-53606.
Ward, J.V., and J. A. Stanford. 1995. Ecological connectivity in alluvial river ecosystems
and its disruption by flow regulation. River Research and Application 11:105-119.
Whiteman, K. W., V. H. Travnichek, M. L. Wildhaber, A. DeLonay, D. Papoulias, and
D. Tillet. 2004. Age estimation for shovelnose sturgeon: A cautionary note based
on annulus formation in pectoral fin rays. North American Journal of Fisheries
Management 24:731-734.
Wildhaber, M. L. A. J. DeLonay, D. M. Papoulias, D. L. Galat, R. B. Jacobson, D. G.
Simpkins, P. J. Braaten, C. E. Korschgen, and M. J. Mac. 2007. A conceptual lifehistory model for pallid and shovelnose sturgeon. U.S. Geological Survey
Circular 1315.
Wildhaber, M. L., S. H. Holan, G. M. Davis, D. W. Gladish, A. J. DeLonay, D. M.
Papoulias, and D. K. Sommerhauser. 2011. Evaluating spawning migration
52

patterns and predicting spawning success of shovelnose sturgeon in the lower
Missouri River. Journal of Applied Ichthyology 27:301–308.

53

APPENDIX A
Models included in confidence models sets (ΔAICc ≤ 2) to predict annual growth
increment for Shovelnose Sturgeon during growth years 1 through 7 in the lower
Mississippi River
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Year 1
R2
0.0097
0.0023
0.0016
0.0004
0.0002
0.0001
0.0001
0.0014
0.0138
0.0129
0.0103
0.0098
0.0097

AICc
792.8785
793.6597
793.7378
793.8639
793.8835
793.8961
793.9020
794.4113
794.4395
794.5347
794.8146
794.8656
794.8784

Model
Minimum river stage
Days > 28°C
Maximum river stage
Days < 11°C
Days 12-24°C
Floodplain inundation
Low water
Days > 28°C, Minimum river stage
Minimum river stage, Days 12-24°C
Maximum river stage, Minimum river stage
Low water, Minimum river stage
Floodplain inundation, Minimum river stage
Days < 11°C, Minimum river stage

Year 2
R2
0.0729
0.0418
0.0711
0.0684
0.0525
0.0505
0.0796
0.0793
0.0777
0.0630
0.0913

AICc
890.5390
890.7299
890.7808
891.1531
891.2985
891.5715
891.6197
891.6658
891.8860
891.8914
891.9879

0.0764 892.0616
0.0759 892.1268
0.0608 892.1933
0.0437 892.4797
0.0876 892.5058

Model
Days > 28°C, Floodplain inundation, Days 12-24°C
Days 12-24°C
Maximum river stage, Days 12-24°C
Days < 11°C, Days 12-24°C
Days > 28°C, Days 12-24°C
Maximum river stage, Days 12-24°C
Days > 28°C, Low water, Floodplain inundation, Days 12-24°C
Days < 11°C, Days > 28°C, Floodplain inundation, Days 12-24°C
Days < 11°C, Minimum river stage, Days 12-24°C
Low water, Maximum river stage, Days 12-24°C
Days < 11°C, Days > 28°C, Low water, Minimum river stage,
Days 12-24°C
Days > 28°C, Floodplain inundation, Maximum river stage, Days
12-24°C
Days > 28°C, Floodplain inundation, Minimum river stage, Days
12-24°C
Days < 11°C, Maximum river stage, Days 12-24°C
Floodplain inundation, Days 12-24°C
Low water, Floodplain inundation, Maximum river stage, Days
12-24°C
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Year 3
R2
0.1368
0.1415
0.1407
0.1395
0.1393
0.1381
0.1369

AICc
824.9166
826.2319
826.3489
826.5151
826.5471
826.7244
826.9088

Model
Days < 11°C, Days 12-24°C
Days < 11°C, Maximum river stage, Days 12-24°C
Days > 28°C, Low water, Maximum river stage
Days < 11°C, Floodplain inundation, Days 12-24°C
Days < 11°C, Days > 28°C, Days 12-24°C
Days < 11°C, Low water, Days 12-24°C
Days < 11°C, Days 12-24°C, Minimum river stage

Year 4
R2
0.0406
0.0501
0.0641
0.0599
0.0435
0.0429
0.0576
0.0567
0.0410
0.0407
0.0407

AICc
785.1172
785.8628
785.9665
786.5401
786.7407
786.8126
786.8564
786.9749
787.0637
787.1062
787.1125

Model
Days 12-24°C
Maximum river stage, Days 12-24°C
Floodplain inundation, Maximum river stage, Days 12-24°C
Low water, Maximum river stage, Days 12-24°C
Days > 28°C, Days 12-24°C
Days < 11°C, Days 12-24°C
Days < 11°C, Maximum river stage, Days 12-24°C
Days > 28°C, Maximum river stage, Days 12-24°C
Floodplain inundation, Days 12-24°C
Minimum river stage, Days 12-24°C
Low water, Days 12-24°C
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Year 5
R2
0.0855
0.0695
0.0833
0.0831
0.0828
0.0825
0.0818
0.0614
0.0772
0.0586
0.0743
0.0738
0.0895

AICc
724.4027
724.4185
724.6865
724.7131
724.7478
724.7799
724.8728
725.4222
725.4484
725.7677
725.818
725.8762
725.9023

0.0407
0.0890

725.9590
725.9657

0.0890

725.9675

0.0729
0.0563
0.0722
0.0560
0.0877
0.0876
0.0870

725.9908
726.0473
726.0845
726.0944
726.1264
726.1432
726.2115

0.0864
0.0861

726.2928
726.3301

0.0857

726.3855

0.0855

726.402

Model
Days > 28°C, Floodplain inundation, Days 12-24°C
Days < 11°C, Floodplain inundation
Days < 11°C, Floodplain inundation, Days 12-24°C
Days > 28°C, Minimum river stage, Days 12-24°C
Days < 11°C, Floodplain inundation, Minimum river stage
Days < 11°C, Maximum river stage, Days 12-24°C
Days > 28°C, Low water, Days 12-24°C
Days < 11°C, Maximum river stage
Days < 11°C, Low water, Floodplain inundation
Minimum river stage, Days 12-24°C
Days < 11°C, Days > 28°C, Maximum river stage
Days < 11°C, Low water, Days 12-24°C
Days > 28°C, Floodplain inundation, Minimum river stage, Days
12-24°C
Days 12-24°C
Days < 11°C, Days > 28°C, Floodplain inundation, Days 1224°C
Days < 11°C, Floodplain inundation, Maximum river stage,
Days 12-24°C
Days < 11°C, Floodplain inundation, Maximum river stage
Days < 11°C, Days 12-24°C
Days < 11°C, Minimum river stage, Days 12-24°C
Maximum river stage, Days 12-24°C
Days < 11°C, Days > 28°C, Minimum river stage, Days 12-24°C
Days > 28°C, Low water, Floodplain inundation, Days 12-24°C
Days > 28°C, Maximum river stage, Minimum river stage, Days
12-24°C
Days > 28°C, Low water, Minimum river stage, Days 12-24°C
Days < 11°C, Floodplain inundation, Minimum river stage, Days
12-24°C
Days < 11°C Floodplain inundation, Maximum river stage,
Minimum river stage
Days > 28°C, Floodplain inundation, Maximum river stage,
Days 12-24°C
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Year 6
R2
0.0789
0.1072
0.0844
0.0825
0.0821
0.1166
0.0808
0.0795
0.0792

AICc
610.5768
611.4192
611.9715
612.1803
612.2225
612.3472

Model

Days < 11°C
Days > 28°C, Low water, Minimum river stage
Days < 11°C, Days > 28°C
Days < 11°C, Days 12-24°C
Days < 11°C, Low water
Low water, Floodplain inundation, Minimum river stage, Days
12-24°C
612.3605 Days < 11°C, Maximum river stage
612.5125 Days < 11°C, Minimum river stage
612.5427 Days < 11°C, Floodplain inundation

Year 7
R2
0.0176
0.0135
0.0119
0.0086
0.0029
0.0020
0.0017
0.0179
0.0179
0.0177
0.0176
0.0176
0.0176

AICc
525.7510
526.1313
526.2759
526.5795
527.1024
527.1779
527.2130
527.7157
527.7249
527.7430
527.7453
527.7506
527.7508

Model
Low water
Minimum river stage
Floodplain inundation
Days 12-24°C
Maximum river stage
Days > 28°C
Days < 11°C
Low water, Days 12-24°C
Days > 28°C, Low water
Low water, Floodplain inundation
Low water, Minimum river stage
Low water, Maximum river stage
Days < 11°C, Low water
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